Objectives: Current cochlear implants typically stimulate the auditory nerve with biphasic pulses and monopolar electrode configurations. Tripolar stimulation can increase spatial selectivity and potentially improve place pitch related perception but requires higher current levels to elicit the same loudness as monopolar stimulation. The present study combined delayed pseudomonophonasic pulses, which produce lower thresholds, with tripolar stimulation in an attempt to solve the powerperformance tradeoff problem.
INTRODUCTION
Cochlear implants (CIs) can be driven in several modes. In traditional monopolar (Mono) stimulation mode, the stimulating electrode is located inside the scala tympani while the return electrode is located outside, producing a broad excitation pattern in response to stimulation. The low spectral resolution associated with the use of broad Mono stimulation is one reason for relatively poor performance in CI users under challenging listening conditions. To increase spectral resolution, CIs can be driven in tripolar (Tri) stimulation mode (Ifukube & White 1987) , where the return electrodes are located adjacent to or near the stimulating electrode, producing narrower excitation patterns. Evidence for sharper excitation patterns in Tri stimulation can be found in physical models (Jolly et al. 1996) , recordings from populations of auditory nerve fibers (van den Honert & Stypulkowski 1987) , and recordings from the inferior colliculus and auditory cortex (Bierer & Middlebrooks 2002; Snyder et al. 2004 Snyder et al. , 2008 . However, clinical studies implementing Tri stimulation have shown limited success because of the high current requirements with Tri stimulation, often reaching the compliance voltage of the CI device (Mens & Berenstein 2005; Litvak et al. 2007; Bonham & Litvak 2008) . Techniques such as partial Tri stimulation (Kral et al. 1998; Bonham & Litvak 2008) , where current is partly returned to the adjacent electrodes and partly to the remote ground electrode, can reduce the thresholds required for Tri stimulation by trading off a small degree of spectral resolution and increasing the traversal current component reaching the nerve fibers.
There have also been a number of different approaches used to lower current requirements for electrical stimulation. First, high-rate (Ͼ2000 Hz) pulses, which produce pseudospontaneous spike trains with statistical properties similar to spontaneous activity in normal spiral ganglion cells (Rubinstein et al. 1999) , can reduce thresholds and increase dynamic range (Hong et al. 2003) . Second, Gaussian noise added to the input signals, which presumably makes electric and acoustic responses more similar, has been shown to increase dynamic range by reducing thresholds and increasing maximum allowable levels (Zeng et al. 2000; Morse et al. 2007 ). Third, different from standard charge-balanced biphasic (BP) pulses, alternative stimulus waveforms such as delayed pseudomonophasic (DP) pulses Macherey et al. 2006 ) and triphasic pulses (Bonnet et al. 2004; Eddington et al. 2004 ) provide more efficient stimulation to activate the neural tissue. Such efficient stimulus waveforms could also increase the maximum charge density, allowing smaller electrodes to be used in future CI devices (Brummer & Turner 1977) .
Typically, CIs provide electric stimulation using BP pulses, in which the second phase is equal in duration as the first phase but opposite in amplitude. This assures charge balance to reverse faradaic reactions that mediate charge injection. However, due to charge integration in the neural membrane, charge injection by the initial phase is almost immediately counteracted by the second phase (van den Honert & Mortimer 1979). Compared with using monophasic pulses, which consist of a single phase, higher current levels are needed to elicit thresholds using BP pulses. Alternative waveforms have been proposed to provide more efficient stimulation to activate neural tissue. Among different alternative stimulus waveforms investigated using Mono stimulation, DP pulses led to the largest threshold reduction: a 16-dB drop compared with standard BP pulses . DP pulses approach the efficiency of monophasic pulses by adding a gap between pulses to delay charge recovery and using a low-amplitude second phase to redistribute the charge over a longer phase duration. These manipulations prevent the second phase from suppressing the occurrence of an action potential generated by the first phase (Shepherd & Javel 1999) . In addition, DP pulses may provide more selective excitation by reducing the lateral peaks generated at higher current levels by the low-amplitude second phase (Frijns et al. 1996; Jolly et al. 1996) .
To our knowledge, the application of more efficient waveforms to Tri stimulation has not been studied. Thus, in the present study, we measured thresholds, maximum allowable levels, and dynamic range to confirm the reduced current requirements using DP pulses with Mono and Tri stimulation (Experiment 1). In addition, we characterized intensity coding by examining loudness growth functions (Experiment 2) and intensity discrimination limens (Experiment 3). Standard BP pulses were used as a control condition.
SUBJECTS AND METHODS

Subjects
Five CI subjects using Advanced Bionics Clarion CII or HiRes90K devices participated. Table 1 lists subjects' demographic and device information as well as electrical stimulation parameters used in the experiments. In subjects for whom maximum allowable levels with Tri stimulation could not be reached within device compliance limits, the spacing between active and reference electrodes was increased by 1 (e.g., S3) and/or the phase duration was increased from 107.78 to 226.34 secs (e.g., S1, S3, S4, and S5). Stimulation parameters were sometimes different across electrodes. For example, in S5, maximum allowable levels could be attained with a short 107.8-sec pulse duration for electrodes 8 and 13 but not for electrode 3. For S3, five of the most basal electrodes in the clinical map were turned off due to vibrotactile percepts. Electrode 13 was not tested. Both Institutional Review Board approval and written informed consent were obtained before data collection. Subjects were compensated for both time and travel expenses.
Stimuli
Stimuli consisted of 500-msec, 100 Hz pulse trains applied to an apical (E3), middle (E8), or basal (E13) electrode. Electrode configuration was either Mono or Tri, and the reference was the case electrode for Mono stimulation. Figure  1a shows the difference in electrode and current source configuration between Mono and Tri stimulation. For Tri stimulation, electrodes adjacent to the center electrode were used (Tri ϩ 0) except for S3 who needed a spacing of 1 electrode (Tri ϩ 1) to reach maximum allowable levels. Figure 1b illus- trates the difference in pulse shape between the standard BP pulse and the DP pulse. The polarity of the leading phase was always cathodic in both pulse shapes. The phase duration was set to 107.78 secs for the majority of subjects and to 226.34 secs for electrodes in which the subject could not reach a comfortable level with Tri stimulation. For DP pulses, the phase duration of the second phase was set to eight times the phase duration of the first phase, while the amplitude was set to one-eighth of the first phase to maintain charge balance. The interphase gap was 4.7 msecs. A total of four combinations of electrode configuration and pulse shape were used, namely, Mono-BP, Mono-DP, Tri-BP, and Tri-DP. A 100 Hz pulse rate was chosen as previous studies showed that the effect of delaying charge recovery for DP pulses may be greater at low stimulation rates . Stimuli were generated and presented using the Advanced Bionics Bionic Ear Data Collection System (BEDCS) and custom-made Visual Basic programs that controlled the BEDCS interface. The intensity step sizes were 1, 2, 4, and 8 A, for current ranging between 0 to 255, 256 to 510, 512 to 1020, and 1024 to 2040 A respectively. For DP pulses, the step size in each range was effectively multiplied by 8 due to the restriction that the amplitude of the low-amplitude second phase must be one-eighth of the amplitude of the first phase. This may account for the finding that SDs for measurements using DP pulses were larger than standard BP pulses.
Stimulation safety of DP pulses has been discussed in previous studies Macherey et al. 2006) . In a study using earlier Laura implants , the difference between actual absolute amplitude and requested amplitude due to nonlinear current sources caused a short-term charge imbalance even after applying a correction factor to compensate for this discrepancy. The magnitude of the difference depended on the impedance across two electrodes, but the shortterm charge imbalance could be recovered by the blocking capacitor in series with the electrode within a few milliseconds. Current sources in present CI devices exhibit better amplitude linearity so that correction factors are not needed.
The maximum current that can be delivered by the device is also limited by the voltage compliance, which is 8 V in Clarion devices. Part of the voltage is built up across the electrode, which is designed to be Ͻ0.9 V, beyond which the "water window" occurs (Brummer & Turner 1977; Robblee & Rose 1990; Merrill et al. 2005; Cogan 2008 ). The water window refers to the voltage range in which water does not get oxidized or reduced as a side effect of the electrochemical reaction. Beyond this voltage range, the electrolysis of water occurs, causing harmful pH changes and gas formation. The output impedance of the device is not high enough to maintain constant current across a varying load such as the impedance of tissue. Typically, the current source generates a stimulating current from a data source, where the input value can go up to 2048 A. However, when load impedance is too high, the output current would be limited by the following (Litvak, personal communication) :
where V is the nominal compliance voltage of 8 V, R a is the access impedance of the electrode or resistive part of impedance measured using SoundWave ® in k⍀, I is the current in mA, and PD is the pulse duration in secs. The term 0.01 ϫ PD ϫ I accounts for the contribution of the built-in capacitor. Typically, R a ranges from 1 to 10 k⍀. For a pulse duration PD of 108 secs and with R a ϭ 1 k⍀, maximum current I allowed before the device reaches compliance is as high as 3414 A.
With R a ϭ 10 k⍀, maximum current I is 641 A. For a pulse duration PD of 226 secs, and with R a ϭ 1 k⍀ and R a ϭ 10 k⍀, the maximum current I drops slightly to 2178 and 579 A, respectively. The most limited case in this study (S5, E13) had an R a of 9.9 k⍀, resulting in maximum current I of 717 A or 56.48 dB re 1 A. Thus, if I is Ͼ2048 A, the full output current range can be delivered by the device, and if I is Ͻ2048
A, the output current is limited by the compliance voltage.
Procedures
Experiment 1-Thresholds and Maximum Allowable Levels • Thresholds were measured using a two-down, oneup, three-interval forced-choice (3IFC), adaptive procedure. Initial values were set to very soft or soft levels.
Step size was set to four or eight current steps for the first two reversals and one current step for the succeeding reversals. One current step was equivalent to 1, 2, 4, and 8 A for current ranging between 0 to 255, 256 to 510, 512 to 1020, and 1024 to 2040 A, respectively. The average of the last six of nine reversals was taken as threshold. Each threshold was measured twice, or thrice if the first two measures varied by Ͼ3 A. Maximum allowable levels (MALs) were measured using the method of adjustments. Subjects controlled a custom interface with volume up and volume down buttons until maximum comfort level was reached. A stimulus was delivered on each press of a volume control button and could be replayed by clicking on another button. Subjects were instructed to proceed carefully when comfort levels were reached. All four combinations of stimulation mode and pulse shape were available simultaneously on screen for the subject to compare in any order at any time. On a given experiment run, subjects worked on obtaining the MAL for one of the four conditions. Subjects were able to refer to MALs selected for the other three conditions if already selected and adjust present or past selections. Data were obtained from electrodes 3 (apical), 8 (middle), and 13 (basal), with four conditions (Mono/BP, Mono/ DP, Tri/BP, and Tri/DP) per electrode. The order of test conditions and electrodes was not systematically randomized.
Experiment 2-Loudness Growth Functions • Loudness
growth functions were measured using magnitude estimation. Subjects were instructed to judge the loudness of the stimuli by assigning a number from 0 to 100 and to judge each stimulus presentation independently. For each condition, loudness estimates were obtained thrice at six evenly distributed levels at 0, 20, 40, 60, 80, and 100% of the dynamic range in A, defined as the difference between threshold and MAL obtained from Experiment 1. Data were obtained from electrodes 3, 8, and 13 used in experiment 1. Each run presented stimuli at a single electrode, for a total of 4 conditions per run ϫ 6 levels per condition ϫ 3 trials per level ϭ 72 trials per run. Stimuli were quasirandomized over all conditions, so that no consecutive presentations were the same, and the first stimulus was neither the minimum nor the maximum level. One set of practice stimuli, containing one sample for each of the 24 possible stimuli, was provided before each run to familiarize the subject with the stimuli. Responses from practice runs were discarded.
Experiment 3-Just Noticeable Differences in Current
Amplitude • Just noticeable differences (JNDs) in current amplitude were measured using a two-down, one-up, 3IFC adaptive procedure. The initial step size was set to one, two, or four current steps for the first two reversals and one current step for the succeeding reversals. The average of the last six of nine reversals was reported. JNDs at 20, 40, 60, and 80% of the dynamic range in A were measured twice or thrice, if time permitted, per condition per electrode. This corresponded to different values of percent dynamic range in dB depending on the subject's threshold and MAL.
Data Analysis Best-Fit Loudness Growth Functions and Rates of Loudness Growth • To account for differences in loudness scale
across subjects and within subjects across different experiment runs, loudness ratings were normalized by the maximum number assigned to any stimuli within a single run. Loudness growth was modeled with three different functions-linear, exponential, and power functions. Table 2 lists the equations for different loudness models. Each model uses one parameter to describe the rate of loudness growth and one or two parameters to shift or scale the function along the x or y axis. Best-fit models for each loudness growth curve were determined by computing Akaike weights for three candidate models and choosing the model with the highest weight. The Akaike weights, derived from Akaike information criterion (AIC) values, represent the probability that the model is correct given the underlying data (Akaike 1978 (Akaike , 1979 Bozdogan 1987; Burnham & Anderson 2002; Wagenmakers & Farrell 2004) . The method accounts for both accuracy and parsimony of the model, and its main advantage is that it is easy to compute and interpret. However, the method is subject to sampling variability, so a different sample could result in a different set of weights for the candidate models. It should be noted that in this experiment the evidence ratio or relative likelihoods of the best-fit model to the next best-fit model was Ͻ10 in most cases and Ͻ2 in half of the cases. Slopes of loudness growth functions were calculated by evaluating the derivatives of fitted curves at 20, 40, 60, and 80% of dynamic range. The Akaike-weighted average from three candidate models was taken as the averaged slope to represent the rate of loudness growth.
Weber Fractions in dB and Number of Discriminable Steps
Weber fractions in dB were computed by the following:
⌬A is the JND in current amplitude at the specified current level A in A (Pfingst et al. 1983 ). The formula reflects the fact that the power or intensity of a signal added to the pedestal is the squared sum of the amplitudes of the signal and pedestal (Grantham & Yost 1982) . Percent dynamic range in dB was calculated by the following:
where A THS was the current amplitude at threshold (THS) and A MAL was the current amplitude at maximum allowable level (MAL). For each condition, empirical Weber functions were derived by fitting data to the equation Wf db ϭ a(%DR db ) ϩ b, similar to functions that describe intensity discrimination in normal hearing, but with sensation level normalized by dynamic range to account for the compressed intensity dimension in electric hearing (Nelson et al. 1996) . The parameter a is the slope of the Weber function, describing the change in Weber fraction per unit change in percent dynamic range, and the parameter b is the sensitivity constant, describing the size of the Weber fraction at threshold. The F-test comparing the Weber function and a simpler model Wf db ϭ b, where the size of the Weber fraction does not change with percent dynamic range, was also computed to determine whether slopes of Weber functions were significantly different from zero (Nelson et al. 1996) .
The number of discriminable steps over the dynamic range was quantified by dividing the full 100% dynamic range by the average intensity JND expressed as a percentage of the dynamic range (Kreft et al. 2004) :
The average intensity JND was calculated by first deriving the expression for ⌬I db as a function of %DR db , and then using the mean value theorem to compute ⌬I db_AVG . The parameters a and b below are Weber function parameters.
RESULTS
Experiment 1-Thresholds and Maximum Allowable Levels
The purpose of this experiment was to replicate previous studies on the effect of DP pulses using Mono stimulation and assess the feasibility of using DP pulses to reduce power requirements of Tri stimulation. Standard BP pulses were used as control. Data from this experiment were also needed for subsequent loudness growth and intensity discrimination experiments. Figure 2 shows results from five subjects (top five rows) as well as average data (bottom panels). Bars represent the dynamic range spanning thresholds to MALs. Error bars mark 1 SD. No data were collected from electrode 13 of S3 because of vibrotactile percepts associated with this electrode. To account for missing data, two sets of analysis of variance (ANOVA) were performed-one with apical and middle electrodes in five subjects and one with apical, middle, and basal electrodes in four subjects. Factors in ANOVA included electrode position (E3 and E8 or E3, E8 and E13), stimulation mode (Mono and Tri), and pulse shape (BP and DP). Despite different degrees of freedom and F-values, both ANOVA sets produced the same conclusions. Hence, only the p value is reported below.
Across electrodes, thresholds and MALs were similar (p Ͼ 0.05). Collapsed across all conditions, average thresholds for electrodes 3, 8, and 13 were 46.2, 41.5, and 43.4 dB re 1 A, and average MALs were 57.9, 55.1, and 54.5 dB re 1 A, respectively. These dB re 1 A values corresponded to average thresholds of 203, 119, and 148 A and average MALs of 782, 568, and 532 A, respectively. For Mono stimulation, average thresholds for electrodes 3, 8, and 13 were 30.8, 30.2, and 32.2 dB re 1 A, and average MALs were 41.4, 43.1, and 43.1 dB re 1 A, respectively. For Tri stimulation, average thresholds for electrodes 3, 8, and 13 were 51.4, 46.2, and 48.1 dB re 1 A, and average MALs were 63.2, 60.0, and 59.3 dB re 1 A, respectively.
On average, Tri stimulation produced 17.9 dB higher thresholds (p Ͻ 0.01) as well as 18.5 dB higher MALs than Mono stimulation (p Ͻ 0.01). The parallel change in thresholds and MALs produced the same dynamic range of about 12 dB for both Mono and Tri stimulation. Note that because of high current levels in Tri stimulation, the MALs approached the calculated voltage compliance limit in most cases (dashed lines), possibly underestimating MALs.
Consistent with data reported by Macherey et al. (2006) , DP pulses produced significantly lower thresholds compared with BP pulses (p Ͻ 0.01), dropping by 9.7 dB re 1 A on the average, but produced strikingly similar MALs compared with BP pulses (0.3 dB difference on the grand average, p Ͼ 0.05). Therefore, the increased dynamic range with the DP waveform was solely a result of the lowered threshold. The interaction effect of threshold between stimulation mode and pulse shape was not significant (p Ͼ 0.05).
Because of concern about MALs that may have been underestimated for Tri stimulation, the ANOVA analysis was repeated and conducted separately for Mono and Tri stimulation. Results were similar as reported earlier. For both Mono and Tri stimulation, DP pulses led to significantly lower thresholds (p Ͻ 0.05) and did not lead to changes in MALs (p Ͼ 0.05). No significant difference was found across electrodes (p Ͼ 0.05). Figure 3 shows the channel-to-channel variability across electrodes. This measure was derived by computing the mean of the unsigned difference between apical and middle electrode thresholds and the unsigned difference between middle and basal electrode thresholds . Because the step sizes used for DP mode were eight times larger than the step size used for BP mode, separate analyses were performed for BP and DP modes. The larger step sizes used for DP mode may have resulted in artificially smaller or larger channel-tochannel variability depending on whether the step sizes were too large or too small, respectively, compared with the JND in intensity near threshold. Results of the Wilcoxon signed-rank test showed that threshold variability across electrodes was higher for Tri stimulation compared with Mono stimulation in BP mode (p Ͻ 0.05), consistent with previous studies (Bierer 2007) . Typically, variation in nerve survival patterns along the cochlea is expected, and if Tri stimulation does result in more spatially selective excitation patterns than Mono stimulation, we would expect threshold variability to be higher, reflecting the variation in thresholds of the underlying population of auditory neurons. On the other hand, we would expect threshold variability to be lower for Mono stimulation, due to the large overlap in the population of auditory neurons stimulated across electrodes. No statistically significant difference was seen in threshold variability between Mono and Tri stimulation in DP mode (p Ͼ 0.05), possibly due to the large step size in the adaptive procedure used to determine DP thresholds.
Experiment 2-Loudness Growth Functions
Because loudness growth in CI subjects is usually expansive (Chatterjee 1999; Chatterjee et al. 2000) , shallower loudness growth may result in less compression required to restore normal loudness growth. The purpose of Experiment 2 was to determine whether loudness grows differently in different stimulus conditions. Figure 4 shows loudness growth data from five subjects, with rows representing individual subjects and columns representing electrodes. The lines represent the best fit of the loudness growth data using one of the three models listed in Table 2 . Figure 4a shows loudness estimates as a function of raw current amplitude in A. The vertical line in each panel marks the compliance limit of the active electrode. As expected, due to differences in etiology and other audiological factors, there is great variability in loudness growth functions among CI subjects. In general, loudness growth functions were monotonic, except in a few cases where compliance limits might have caused loudness growth functions to plateau (e.g., S3 E8 Tri BP). The form of loudness growth functions also varied within subjects across different conditions (e.g., S1 E8). Figure 4b shows loudness estimates as a function of % dynamic range in dB. At MAL, the loudness estimates in Tri stimulation mode were lower than loudness estimates in Mono stimulation mode. It is possible that MALs for Tri stimulation were underestimated due to compliance limits of the CI device, because device compliance limits are often reached before MALs (Bierer 2007; Litvak et al. 2007 ). Although we have attempted to work around the device compliance limits increasing the pulse width and electrode spacing, subjects may have confused maximum loudness and annoyance, and may have labeled the stimuli as MAL when it was starting to be annoying, but not at equal loudness with other stimuli. The relationship between loudness and annoyance is complicated and may be influenced by the spectral character of the stimuli. Figure 5 shows the average rates of loudness growth at 20, 40, 60, and 80% DR (dB) from five subjects. Data from three electrodes are plotted separately for clarity. In general, the slope of loudness growth function increased with percent dynamic range, indicating that the loudness growth function was on the average exponential.
Repeated measures ANOVA were used to evaluate loudness growth across different conditions with the following factors: baseline loudness (20, 40, 60, 80% DR dB), electrode (E3, E8, and E13), stimulation mode (Mono and Tri), and pulse shape (BP and DP). Dependent variables were loudness estimates and slopes of loudness growth functions on the best-fit curve. For the following statistical tests, two sets of ANOVA were performed due to missing data for S3's basal electrode-one with two electrodes and data from five subjects and another with three electrodes and data from four subjects.
A significant difference was found in loudness estimates between Mono and Tri stimulation mode (F[1,4] F[1,3] ϭ 36.0, p Ͻ 0.01). No significant difference was found between BP and DP pulses (p Ͼ 0.05) or among different electrode positions (p Ͼ 0.05). The interaction between baseline loudness and pulse shape was not significant (F[3,12] ϭ 1.9, p Ͼ 0.05; F [3, 9] ϭ 0.95, p Ͼ 0.05), indicating that the shapes of loudness growth function were similar for the two pulse waveforms and that loudness growth was not compromised by reduced thresholds and increased dynamic range for DP pulses.
Experiment 3-Just Noticeable Differences in Current Amplitude
Experiment 3 measured Weber fractions from JNDs in current amplitude in Mono and Tri stimulation as well as in BP and DP pulses. Preferably, similar shapes of loudness growth function despite reduced thresholds with DP pulses would be accompanied by at least equal, if not greater, number of steps for coding intensity compared with BP pulses. Figure 6 shows Weber fractions in dB as a function of percent dynamic range in dB in three electrode positions (columns) from five subjects (top 5 rows) for four stimulation mode-pulse shape conditions: Mono (circles, solid lines) and Tri (triangles, dotted lines) modes, BP (filled symbols, nondashed lines) and DP (clear symbols, dashed lines) pulses. Overall, Weber fractions decreased with percent dynamic range.
Weber fractions were fitted with the Weber function, where the slope a is the change in Weber fraction in dB per unit change in percent dynamic range in dB, and the sensitivity constant b is the Weber fraction at threshold. A large negative slope would indicate that Weber fraction improves rapidly as percent dynamic range increases, while a small negative slope would indicate that Weber fraction improves slowly. A large sensitivity constant would indicate that discrimination is poor at threshold and vice versa. An F-test was performed to determine whether or not slopes of fitted Weber functions were significantly different from zero. The p value indicated the Fig. 5 . Average rate of loudness growth for monopolar (squares and circles) versus tripolar (upright and inverted triangles) and biphasic (filled symbols) versus delayed pseudomonophasic (clear symbols) pulses across apical electrode E3, middle electrode E8, and basal electrode E13. Fig. 6 . Weber fractions in dB as a function of % dynamic range in dB for Mono-BP (filled circles), Mono-DP (clear circles), Tri-BP (filled triangles), and Tri-DP (clear triangles) stimuli across apical electrode E3, middle electrode E8, and basal electrode E13. Symbols represent individual data points and lines represent the mean. Gray symbols represent measurements that could not be obtained due to CI device resolution limits.
probability that the negative slope was coincidentally due to random scatter of data.
The corresponding Weber function parameters a and b from five subjects are plotted in Figure 7 for different stimulation modes (circles or triangles) and pulse shapes (filled or clear). Black symbols in Figure 7 represent p values less than the significance level of 0.05, and gray symbols represent slopes that were not significantly different from 0. For most subjects, slopes of Weber functions were negative and significantly different from zero. BP pulses (filled symbols) generally occupied the upper half and DP pulses (open symbols) occupied the lower half of Figure 7 . This reflects the steeper slopes (F[1,4] ϭ 9.3, p Ͻ 0.05; F[1,3] ϭ 3.7, p Ͼ 0.05) and higher sensitivity constants (F[1,4] ϭ 21.0, p Ͻ 0.05; F[1,3] ϭ 9.3, p Ͼ 0.05) associated with DP pulses compared with BP pulses. These statistics were from two sets of repeated-measures ANOVA, with electrode, stimulation mode, and pulse shape as within-subject factors.
The bottom two rows in Figure 6 show the mean (black lines) and range (hatched areas outlined by gray lines) of fitted Weber function across five subjects for Mono-BP/Tri-BP (second to the last row) and Mono-DP/Tri-DP (last row). A slight decrease in slopes of Weber functions could also be seen across four stimulation mode-pulse shape combinations (F[3,12] ϭ 3.5, p Ͻ 0.05; F [3, 9] ϭ 2.3, p Ͼ 0.05). The difference between electrodes was significant between E3 and E8 only, with E3 producing marginally larger sensitivity constants (F[1,4] ϭ 7.6, p ϭ 0.05) and steeper slopes (F[1,4] ϭ 16.8, p Ͻ 0.05). Because of missing data for S3, these statistics were taken from two sets of repeated-measures ANOVA on Weber function parameters (slope a and sensitivity constant b) with two or three electrodes and four stimulation mode-pulse shape combinations as withinsubject factors. Post hoc test results with Bonferroni correction showed that, on the average, the pair Mono-BP and Mono-DP produced statistically different sensitivity constants b for electrodes 3 and 8 (p Ͻ 0.05).
The number of discriminable steps is related to the Weber function slope a and sensitivity constant b. In general, across subjects and electrodes, shallower slopes (r ϭ 0.65, p Ͻ 0.01) and smaller sensitivity constants (r ϭ Ϫ0.69, p Ͻ 0.01) produced a greater number of discriminable steps, but the dynamic range did not correlate with the number of discrim-inable steps (r ϭ Ϫ0.16, p Ͼ 0.05). Figure 8 shows the number of discriminable steps within the dynamic range, calculated from the fitted Weber functions. Again, as a result of missing data, two sets of repeated-measures ANOVA were performed on the number of discriminable steps. On average, the number of steps for coding intensity was similar across electrodes (F[1,4] ϭ 0.62, F[2,6] ϭ 0.88, p Ͼ 0.05). In general, the number of discriminable steps decreased from Mono-BP, Tri-BP, Tri-DP, to Mono-DP (F[3,12] ϭ 5.6, p Ͻ 0.05; F[1. 5, 9] ϭ 4.4, p Ͼ 0.05). For most subjects, the number of steps for DP pulses was generally near or below that of BP pulses for both Mono and Tri stimulation modes, consistent with the general trend. However, a few show deviations from the general trend (e.g., S4 -E8 and E13). Overall, there was no statistical evidence that the number of discriminable steps is dependent on stimulation mode or pulse shape.
DISCUSSION
The main finding from this study is that DP pulses reduce thresholds and increase dynamic range for both Mono and Tri stimulation modes without compromising on the shape of loudness growth across its dynamic range. However, they produce larger intensity discrimination limens near thresholds than at higher current levels and slightly smaller number of discriminable steps compared with BP pulses. The following sections discuss possible physiological mechanisms contributing to observed results and possible implications of observed results in CI design and performance.
Detection Thresholds and MALs
Data from this study echoed results from previous studies that found lowered thresholds but relatively smaller changes in MALs for DP pulses using monopolar and bipolar stimulation van Wieringen et al. 2005; , as well as results from previous studies that found a parallel increase in thresholds and MALs for Tri stimulation compared with Mono stimulation (Mens & Berenstein 2005; Litvak et al. 2007 ). The threshold drop in DP compared with BP pulses is mainly due to a delay in charge recovery of the second phase that results in more efficient excitation (van den Honert & Mortimer 1979; van Wieringen et al. 2008) . The threshold increase in Tri compared with Mono stimulation is due to the "shunt" produced by placing return electrodes adjacent to active electrodes in a highly conductive fluid, which increases the longitudinal lateral current flowing within the scala tympani and reduces the current flow through the cochlear wall (Kral et al. 1998) , thereby exciting fewer number of neurons for a given stimulation level. On the other hand, MALs were relatively similar for DP and BP pulses, because the mechanisms that reduce threshold drops are not as effective at suprathreshold levels. Since loudness is related to integration of neural activity in the cochlea, thresholds and MALs are higher for more focused Tri stimulation compared with broader Mono stimulation (Chatterjee 1999; Bierer 2007) .
Loudness Growth
Differences in dynamic range in terms of microamperes complicate direct comparisons of loudness growth functions (Fu 2005) . To account for this, we plotted loudness growth as a function of percent dynamic range in dB. Because the shape of loudness growth depends on loudness models, the slope of loudness functions were evaluated at specific points within the dynamic range and compared across conditions and across subjects. We found no difference in slopes at different points along the dynamic range between BP and DP pulses, indicating that the shift in threshold and increase in dynamic range did not affect loudness growth. Since the dynamic range in A was larger for DP than BP pulses, the same loudness growth as a function of percent dynamic range in dB implied that the spread of excitation and/or increase in discharge rate was less steep as a function of stimulus level for DP pulses. Compared with Mono stimulation, Tri stimulation produced shallower loudness growth as a function of percent dynamic range presumably due to MALs that may have been underestimated.
Previous studies may explain the results of the present study. For Tri stimulation, because of MALs that may have been underestimated, the results on loudness growth functions are not as clear, but animal studies have demonstrated decreased rates of neural recruitment in focused electrode configurations such as bipolar stimulation (Schindler et al. 1977; Black & Clark 1980; Marsh et al. 1981; van den Honert & Stypulkowski 1987) and tripolar stimulation (Bierer & Middlebrooks 2002; Bonham & Litvak 2008) , especially in the lower part of the dynamic range. Using a model where loudness was proportional to total neuronal activity calculated from the spatial activation pattern, Goldwyn et al. (2010) also predicted that loudness growth with full tripolar stimulation would be shallower than monopolar or partial tripolar stimulation. Miller et al. (2003) observed a slowed growth in evoked compound action potentials when using focused stimulation modes and suggested a shift in site of excitation from peripheral to central processes as stimulus levels increase from low to high. Peripheral excitation decreases the rate of fiber recruitment due to the fanned-out geometry of the neurons at the periphery, while central excitation produces a higher number of fibers recruited for a given stimulus intensity due to the higher density of neurons at central sites (Marsh et al. 1981) . For DP pulses, no previous physiological studies have been done, but the mechanism for a slowed loudness growth may be similar.
Intensity Discrimination
Our results are generally consistent with previous studies in electric hearing that used BP pulses (Nelson et al. 1996) . Herein, the overall average normalized slope was Ϫ0.096 Ϯ 0.10, comparable to those previously reported for BP pulses and within the range of acoustic hearing (Ϫ0.06 to Ϫ0.10). The overall average sensitivity constant was Ϫ2.6 Ϯ 7.8, within the range reported in electric hearing (Ϫ0.43 to Ϫ20.40) and slightly better than that reported in acoustic hearing (0.60 to Ϫ3.34 dB). The number of discriminable steps ranged from 5.3 to 48.3, comparable to that reported in other electric hearing studies (6.6 to 45.2), but much smaller than 82.8 steps reported in acoustic hearing (Nelson et al. 1996) .
In contrast to acoustic stimulation where increased spread of excitation produces smaller Weber fractions (Florentine & Buus 1981) , Weber fractions in electric hearing seem to be similar for Mono and bipolar stimulation (Drennan & Pfingst 2005) or Mono and Tri stimulation (the present study). For DP pulses, Weber function slopes were significantly steeper and sensitivity constants were significantly higher compared with BP pulses. Higher sensitivity constants or larger discrimination limens at low stimulus levels and steeper slopes in Weber functions may reflect characteristics of peripheral stimulation (Nelson et al. 1996) . In addition, for DP pulses, it may reflect increased internal noise levels possibly due to greater effect of noisy sodium channels during the interphase gap and the low-amplitude second phase. In the deafened ear, few peripheral processes are left intact (Fayad & Linthicum 2006; Nadol & Eddington 2006) ; but a small number of surviving processes could produce a difference in loudness coding (Viemeister 1988) .
In general, the dynamic range did not correlate with the number of discriminable steps, consistent with previous studies (Kreft et al. 2004; Galvin & Fu 2009 ), which found that despite increased dynamic range with high stimulation rates, the number of discriminable steps remained constant. The number of discriminable steps also did not depend on stimulation mode or pulse shape. A similar finding was reported in a previous study that used a delayed charge recovery pulse shape ). Zeng and Shannon (1999) demonstrated a clear inverse relationship between the size of JND and the slope of the loudness growth function in a group of Ineraid CI subjects. Galvin and Fu (2009) also found a correlation between loudness growth and the size of JND across different pulse rates in Nucleus users. In a group of Clarion users, the present results showed a similar relationship for BP pulses but not for DP pulses.
Effect of Stimulus Parameters
A 100 Hz stimulation rate was chosen in this study, as the effect of delaying charge recovery is greater at low stimulation rates ). This 100 Hz rate is much lower than stimulation rates in current CIs, which range from 800 to 3000 pps per channel. For BP pulses, in general, as pulse rate decreases, threshold and MALs increase and net dynamic range decreases (Shannon 1985; Kreft et al. 2004; Galvin & Fu 2005; van Wieringen et al. 2006; Galvin & Fu 2009 ). Few studies have investigated the effect of pulse rate on DP pulses. In a study that used a similar delayed charge recovery pulse shape (van , pulse rate did not affect dynamic range; in addition, the threshold versus pulse rate function was found to be monotonic for BP but nonmonotonic for the delayed stimulus, with a peak in threshold between 400 and 1000 Hz.
The pulse duration was initially chosen to be 107.8 secs, slightly longer than values typically used in Clarion devices. Short pulse duration stimuli are more effective at delivering charge (Shannon 1985) . We used a longer pulse duration because of compliance limits in the CI device but understand that pulse duration may also affect the present results. For example, longer phase duration was found to increase the rate of loudness growth in electric stimulation (Chatterjee et al. 2000) . To fully understand the interactions between loudness and stimulus configuration, a more complete set of stimulus parameters needs to be investigated.
Relationship to CI Design and Performance
Intensity, especially changes in intensity over time, is a fundamental cue for speech perception. This section examines the role of intensity coding, including thresholds, dynamic range, loudness growth, and intensity discrimination in CI design and performance.
First, there is no evidence that speech perception is related to mean thresholds . While a reduced dynamic range has negligible effects on phoneme recognition in quiet, it may significantly reduce phoneme recognition in noise (Zeng & Galvin 1999) . From this point of view, DP pulses have the potential to alleviate the decreased dynamic range problem associated with Tri stimulation.
Loudness growth, together with the dynamic range, determines the amount of amplitude compression required to restore normal loudness growth. Although the degree of compression has little effect on speech in quiet, best performance and listening comfort tend to be achieved with the type of compression that restores normal loudness growth (Fu & Shannon 1998) . Theoretically, there exists a compression function that can restore normal loudness growth in any electric stimulation mode, including combined Tri and DP stimulation. However, the present finding of a similar loudness growth at suprathreshold levels between different stimulus conditions suggests little or no power savings for DP pulses.
Intensity resolution is an important contributor to speech perception (Rosen 1992) . Intensity discrimination is closely related to modulation detection (Wojtczak & Viemeister 1999; Donaldson & Viemeister 2000) , which plays an important role in speech recognition in CIs. Modulation detection has been correlated with speech performance .* Elevated modulation detection thresholds in focused stimulation modes such as bipolar stimulation compared with broad stimulation modes such as Mono stimulation could account for poor speech recognition performance (Middlebrooks 2008) observed in experimental speech processing strategies using Tri stimulation (Mens & Berenstein 2005) . In the absence of modulation detection data using Tri stimulation and DP pulses, the present intensity discrimination data suggest that DP pulses may not improve speech perception by improving loudness cues in Tri stimulation. Power savings may also be limited. However, the use of DP pulses may still improve speech perception in other ways that have not been tested, such as improved spatial selectivity and reduced channel interaction.
